Crystals in many magmatic rocks are heterogeneous in terms of their isotope composition. Detailed crystal-isotope stratigraphy (CIS) studies have shown that crystals act as reliable recorders of their magma source composition and of the pathways of magma interaction, and successfully identify the end-members involved in magmatic systems. In this paper we have analysed cores and rims and single plagioclase crystals from samples of the Skye Volcanic Centre, part of the British Palaeogene Igneous Province. The isotope analyses reveal that plagioclase crystals from different volcanic samples through the lava succession in Skye (Skye Main Lava Series, Preshal More Basalts and Big-Feldspar Lavas) have larger Sr and Pb isotopic ranges than the isotopic ranges found in hundreds of whole-rock analyses. The large Sr and Pb isotopic variation in plagioclase crystals in Skye is due to variable degrees of crustal contamination of the parental magmas during fractional crystallization and during the ascent of such magmas to the surface. The isotope variation of plagioclase crystals in the early lavas (Skye Main Lava Series) reflects assimilation^fractional crystallization processes dominated by the lower crust, whereas plagioclase crystals from later erupted magmas (Big-Feldspar Lavas and Preshal More basalts) show assimilation of upper crust superimposed on previous lower crustal contamination processes.The variability in Sr and Pb isotopes documented in different crystals within the same rocks shows that the crystals have been aggregated in magmas from different sites of storage and differentiation during the ascent of the magmas to the surface.
I N T RO D UC T I O N
Bulk isotopic analyses of whole-rocks have been used traditionally to determine the sources of magmatic rocks. However, the isotopic heterogeneity observed in crystal components in magmatic systems demonstrates that whole-rock compositions only represent an 'averaged' isotopic composition that does not reveal all the isotopic endmembers involved in the magmatic system (Tepley et al., 1999; Davidson et al., 2007) . As such, quantitative models based on whole-rock geochemical variations, no matter how complex, are necessarily incomplete. Crystals within many magmatic rocks are heterogeneous in terms of their isotope composition (e.g. Geist et al., 1988; Tepley et al., 1999; Gagnevin et al., 2005) . This heterogeneity has been recognized in crystals of different types (e.g. plagioclase, alkali feldspars, clinopyroxene; Geist et al., 1988) and within crystals of the same type (i.e. core to rim variations; e.g. Tepley et al., 1999; Davidson et al. 2001; Gagnevin et al., 2005) . Isotopic variations observed within single crystals reflect growth in an open system (Davidson et al., 1998) in which the magma changes its isotope composition in response to processes such as magma mixing and/or interaction with the crust. Detailed crystal-isotope stratigraphy (CIS) studies (Knesel et al., 1999; Tepley et al., 1999 Tepley et al., , 2000 Davidson et al., 2001 Davidson et al., , 2007 Morgan et al., 2007) have shown that crystals can act as reliable recorders of their magma source composition and of the pathways of magma interaction, and be successfully used to identify the end-members involved in the magmatic system. Until recently, CIS studies have focused on systems from single large volcanoes, which commonly contain rocks laden with crystal cargoes (e.g. Davidson et al., 2007) . The larger magmatic systems that feed flood basalt eruptions commonly result in aphyric lavas at the surface and have generally been thought to represent far simpler systems than their volcanic arc counterparts. Nevertheless, these flood basalt systems sample the entire lithosphere and it has now been shown that where crystal populations are identified they can record shallow, crustal-level processes (Ramos et al., 2005) . Moreover, detailed studies of flood basalt provinces highlight their complex internal architecture (e.g. Jerram & Widdowson, 2005) , and findings of lavas and dykes with large crystal populations, termed 'giant plagioclase basalts' (e.g. Higgins & Chandrasekharam, 2007) , provide an important opportunity to probe through the plumbing systems of large igneous provinces. The aim of this study is to address the isotopic variation present in crystals from a magmatic system associated with the eruption of flood basalts. We integrate detailed core^rim and single-crystal analyses with whole-rock isotope results to unravel the complex differentiation history of the magmas and the contamination pathways occurring at different times and places during magma ascent through the lithosphere. Our study provides a useful comparison with that of the Columbia River Flood Basalts (Ramos et al., 2005) . Here we focus on the British Palaeogene Igneous Province (BPIP), formerly known as the British Tertiary Igneous Province (BTIP), and extend consideration to Sr and Pb isotope variations. Figure 1 illustrates different scenarios of how isotopic profiles of crystals might be used to constrain the histories of magmas ascending through isotopically distinct crustal layers. A single rock with a given isotope composition may represent a mixture of two or more different end-members (Fig. 1) . Using core^rim isotopic profiles and single-crystal isotope analyses compared with whole-rock compositions it is, in principle, possible to distinguish between these endmembers to (1) better constrain the composition of the mantle sources and (2) constrain open-system differentiation pathways (Fig. 1) . We adopt this approach for selected basaltic and intermediate composition volcanic samples from the Isle of Skye igneous centre, a part of the BPIP. We have analysed the intra-crystal and inter-crystal isotope heterogeneity (Sr and Pb) of plagioclase crystals in detail and combined these data with whole-rock isotopic compositions from this study and from the literature. We highlight in this study that by studying core^rim and single-crystal isotope variations in a few crystals from samples of a complex magmatic system it is possible to obtain more information about magmatic processes and differentiation pathways than by studying the wholerock composition of hundreds of lavas.
T H E S KY E I G N E O U S C E N T R E
The Skye lavas, and lavas from other BPIP volcanic centres (e.g. Mull) , are examples of magmas that have traversed a significant vertical section of continental crust (e.g. Thompson et al., 1980) . The crystalline basement below Skye is composed of Archaean Lewisian metamorphic rocks consisting of granulite-facies gneiss in the lower crust and amphibolite-facies gneiss in the upper crust (Hamilton et al., 1979; Weaver & Tarney, 1980 . These lithologies are overlain in places by Torridonian metasediments (Dickin & Exley, 1981) . Lewisian lower crustal gneisses became strongly depleted in K, Rb, U and Th during ancient metamorphism, compared with Lewisian upper crust, resulting in less radiogenic Sr and Pb isotope ratios (Weaver & Tarney, 1981) . The overlying Torridonian sediments have similar Pb isotope ratios to Lewisian upper crust but have a much larger range in Sr isotope compositions and are more radiogenic compared with Lewisian upper and lower crust. In contrast, the Hebridean mantle at the time of lava eruption was characterized by unradiogenic Sr isotope ratios and radiogenic Pb isotope ratios broadly similar to those of the Lewisian upper crust (e.g. Moorbath & Thompson, 1980) . The large contrast in Sr and Pb isotopic composition between the mantle source for the Skye lavas and the upper and lower crust Dickin, 1981) allows us to observe and document crustal contamination processes and place them in a spatial context (i.e. depth). By investigating core-to-rim isotope variations within crystals in the Skye basaltic lavas we aim to constrain better the contribution of the different crustal end-members to the mantlederived magmas before and during the growth of each crystal.
Magmatism
The Isle of Skye volcanic centre is located in the NW of Scotland (Fig. 2) ; it forms part of the BPIP and, like the Mull igneous centre, was active for a protracted period during the onset and main phase of flood volcanism (Jerram & Widdowson, 2005) . The magmatic activity on Skye occurred between c. 60Á5 Ma and 55Á9 Ma Chambers & Pringle, 2001; Emeleus & Bell, 2005) and is associated with the opening of the North Atlantic Ocean. Extensive eruption of lavas of basaltic and intermediate composition occurred, forming a 41Á5 km thick lava succession (England, 1994; Williamson & Bell, 1994) , named the Skye Main Lava Series (SMLS; Dunham, 1970; Thompson et al., 1972) . The SMLS varies in extent of fractionation from alkali basalts to benmoreites and from hy-normative basalts to trachytes (Thompson et al.,1972) . The parental magmas of the SMLS lavas were picritic, formed by variable degrees of partial melting of a spinel-lherzolite mantle source Ellam, 1992; Scarrow & Cox, 1995; Scarrow et al., 2000) . The majority of the magma batches underwent fractional crystallization to varying extents at the base of the crust, producing a range of basaltic and hawaiitic parental magmas that penetrated the crust through dyke swarms (Thompson et al., 1972 . Thompson et al. (1982) demonstrated that the SMLS lavas partially crystallized at the base of the lower crust (Fig. 3) and underwent no further fractional crystallization between the Moho (9 AE1Á5 kbar; Thompson et al., 1982) and the surface. However, the trace element and isotope composition of Fig. 1 . Schematic illustration of how the isotopic profiles of crystal cores (c) and rims (r), from a single rock (g), can be used to understand processes such as crystallization and contamination of magmas derived from a source mantle (M) ascending through isotopically distinct crustal components (C1 and C2). (a) The isotopic composition of a whole-rock is the average composition of the mantle-derived magma and crustal contaminants C1 and C2. (b) Two-stage contamination during crystallization of crystal with a core-to-rim isotope composition evolving from an uncontaminated composition in the core to a compositions similar to C2 in the intermediate zones and to C1 in the rim. (c) Crystal that grows from a host-magma that has been contaminated by crustal components C1 and C2 during its ascent to the surface and prior to crystallization. Thus, core and rims show the same isotope composition. (d) Crystallization takes place in the transition zone between upper and lower crust, where the host-magma becomes progressively contaminated by a hybrid mid-crustal component (C1 þC2) The crystal core shows an uncontaminated isotope composition whereas the rim shows an isotope composition similar to the mixed crustal contaminant. (e) Crystallization takes place in the upper crust from magmas that have been previously contaminated by C2 during their ascent through the lower crust. The magma also becomes contaminated by C1 while crystallizing in the upper crust. The cores of the crystal have a composition closer to C2 and the rim close to C1. the lavas indicate that the magmas underwent crustal contamination, mostly by the granulite-facies Lewisian lower crust (Thompson et al., 1986) . The SMLS lavas, when mapped in detail, form single lava flows of small volume with many features akin to those of shield volcanic centres with lava tubes, flow lobes and tumuli (Single & Jerram, 2004) , indicating that the volcanic centre on Skye was a long-lived feature, and that crustal magma reservoirs were developed early in the evolution of the Skye complex.
A second magmatic episode generated tholeiitic magmas of the Preshal More basalts (PMB) , which were emplaced as dykes cutting the SMLS (Mattey et al., 1977) and as a lava succession lying unconformably upon the SMLS. The PMB magmas, in contrast to the SMLS, underwent fractional crystallization within the upper crust (Moorbath & Thompson, 1980; Thompson et al., 1982) at lower pressures compared with the SMLS (Fig. 3) . The compositional change from SMLS to PMB has been related to shallowing of the melting region as a result of the thinning of the lithosphere at the beginning of the opening of the North Atlantic (Thompson & Gibson, 1991; Ellam, 1992; Saunders et al., 1997, and references therein) .
Towards the end of the period of flood basalt volcanism (c. 58 Ma; Emeleus & Bell, 2005) , intrusive igneous complexes developed including gabbros (Cuillin Centre) and granites (Western and Eastern Red Hills) (e.g. Emeleus, 1982; Emeleus & Gyopari, 1992) . The earliest Cuillin magmas are similar in composition to the SMLS; however, the bulk of the Cuillin Centre has similar composition to PMB magmas, suggesting that PMB dykes cutting the SMLS are lateral injections of tholeiitic magma from Fig. 2 . Location map of the Skye volcanic centre in NW Scotland. The star symbols mark the four sites where the samples for this study were collected (Table 1; location 1: SKLF04, SKLF05; location 2: SKLF08, SKLF09, SKLF10A, SKLF10G, SKLF13, SKLF14, SKLF15, SKBFM; location 3: SK844; location 4: SKLF23). The bold black lines indicate contours of whole-rock d
18 O values (labelled in ø), defining the areas affected by hydrothermal alteration related to the emplacement of the intrusive complexes in the south^central part of Skye (Forester & Taylor, 1977) .
the Cuillin Centre (Dickin, 1981; Walker, 1993) . Other types of lava not a prori belonging to the SMLS and PMB are also found in the northern parts of the Isle of Skye; for example, the Fairy Bridge Basalts , which are mafic, porphyritic, and include large plagioclase phenocrysts. They have aphyric margins of hawaiiticm ugearitic composition and a central part similar in composition to the SMLS. These lavas were named BigFeldspar Lavas by Thompson et al. (1980) .
Crustal contamination history: theories and models
Many studies of the BPIP (e.g. Moorbath & Thompson,1980; Dickin,1981; Thompson et al.,1982) have shown that magmas ascending through the lithosphere beneath Skye became contaminated to different extents by the lower and upper Lewisian crust. Initial work (Carter et al., 1978) identified two different contaminants, granulite-facies lower crust and amphibolite-facies upper crust, by their distinct isotopic characteristics. Early models (Carter et al.,1978) established that the lavas from Skye and Mull were contaminated by granulite-facies lower crust, but the granites from Skye were contaminated by amphibolite-facies upper crust (Dickin et al., 1984) . More detailed models in subsequent studies based on combined whole-rock Pb, Sr and Nd isotopic compositions (Moorbath & Thompson, 1980; Dickin, 1981) showed that the SMLS became selectively contaminated, mainly by the Lewisian lower crust (granulite-facies) and to a lesser extent with the Lewisian upper crust (amphibolite-facies; Thompson et al., 1986; Morrison et al., 1985) . Moorbath & Thompson (1980) and Thompson et al. (1982) explained the variability in isotopic and trace element composition of the Skye lavas as generated by 'selective' fusion of minor veins of leucogneiss present within the granulite-facies lower^intermediate crust. Thirlwall & Jones (1983) suggested that crustal melts were incorporated into the magmas in variable amounts, generating the trace element and isotopic variability of the SMLS. Kerr et al. (1995) , in agreement with earlier work, also suggested that the isotopic and trace element variation in the Palaeogene Mull lavas from the lower half of the Mull Plateau Group, which were erupted earlier than the SMLS, was due to contamination of the magmas by addition ( 5%) of felsic and pegmatitic material present as veins in the granulitic lower Lewisian crust. The MgO-rich magmas with high liquidus temperatures assimilated higher amounts of these veins, and therefore became more contaminated compared with the more evolved magmas with lower liquidus temperatures (Kerr et al., 1995) . The contamination mechanism that Kerr et al. (1995) proposed, based on the model of Huppert & Sparks (1985) , was 'assimilation by turbulent ascent' (ATA) of the magmas as they passed through the continental crust via thin, poorly connected dyke-and sill-like magma chambers. Kerr et al. (1995) considered that simple AFC (combined assimilation plus fractional crystallization) models could not explain the compositional signatures of the Palaeogene Mull lavas.
The Sr and Pb isotope compositions of the PMB were explained as mantle-derived magmas which were either uncontaminated or contaminated by the upper crust (Dickin, 1981) . A similar origin, with additional fractionation, has been suggested for the Eastern Red Hill granites (Dickin et al., 1984; Morrison et al., 1985; Bell & Williamson, 2002) . Consequently, the PMB were included within the same group as the granites in Pb isotope diagrams in subsequent review papers (e.g. Dickin et al., 1984; Bell & Williamson, 2002) . The trends in isotopic composition of the different rock types from Skye and their crustal contaminants have been modelled using numerous crustal assimilation models, varying from AFC (DePaolo, 1981) , to ATA (Kerr et al.,1995) and to energy constrained-recharged assimilation fractional crystallization (EC-RAFC; Bohrson & Spera, 2003; Fowler et al., 2004) . These models indicate that the Skye magmas were derived from a relatively small number of parental magmas exhibiting limited compositional variation. The wide compositional range of the derivative magmas was formed by various combinations of fractional crystallization, magma recharge and assimilation of anatectic melts (Fowler et al., 2004) . As indicated above, such models are necessarily incomplete if they underestimate the number of components involved in crustal contamination and the extent of their variation. Here, we attempt to assess the full extent of contributing crustal end-members to a single magmatic product via micro-sampling. To assess the full extent of the interaction between the magmas and the crust we have focused on the more differentiated magmas, from which plagioclase has crystallized. Thompson et al. (1982) showing the compositional fields of the Tertiary lavas in the Skye and Mull volcanic centres plotting between the 9 kbar and 1atm cotectic curves for ol þ plag þ cpx þ basaltic melt.
S A M P L I N G A N D S A M P L E D E S C R I P T I O N S Sample selection
The sampling for this study was carried out in Western Skye, away from the hydrothermally altered regions associated with the Cuillins and Eastern^Western Red Hills granitic complexes (Fig. 2) . We collected SMLS samples of basaltic and intermediate (hawaiitic) composition, tholeiitic PMB lavas and a Big-Feldspar composite dyke sample similar in composition to the Big-Feldspar Lavas described by Thompson et al. (1980) . From all the samples collected, we selected a subset of 12 samples (Table 1) for whole-rock isotopic analyses. These samples were chosen based on their composition and position within the stratigraphic sequence of the Skye volcanic centre (Fig. 4 ) along with the presence of an adequate crystal population to make the detailed crystal isotope analyses approach feasible. Because of the time-intensive nature of the intra-crystal isotopic studies, we have selected only a few crystals per sample (Table 1 ). For these, we have analysed the isotopic compositions of cores and rims and mineral separates. In a subset of crystals we have analysed complete core-to-rim profiles to explore the isotopic variation within single crystals. In one sample, the Big-Feldspar dyke, we have micromilled: (1) host glass found at the edges of the dyke; (2) three single plagioclase crystals hosted in the glassy edges; (3) cores and rims of other plagioclase crystals. For this type of isotope micro-sampling study we need lavas that have already fractionated plagioclase, which in our case are lavas with basaltic and intermediate composition (58 wt % MgO; Table 2 ). The contamination model presented here is appropriate for these intermediate Skye lavas. To assess the contamination history of the most primitive lavas on Skye (12^13 wt % MgO; Mattey et al., 1977; Kerr, 1998) would require an isotope study of olivinehosted melt inclusions, which is beyond the scope of this study.
Sample description
The SMLS samples from this study are mainly characterized by a porphyritic texture (Fig. 4 ) with large plagioclase (Fig. 4 ) hosted in a microcrystalline matrix (0Á5^4 mm). The Big-Feldspar composite dyke has a central part with a similar texture and composition to the SMLS samples but a glassy rhyolitic margin hosting plagioclase crystals of a more sodic composition An 8^4 (Fig. 4) . Generally these sodic feldspars ($0Á5 cm) within the chilled margins have rounded edges and occur in cumulate clots. The Big-Feldspar composite dyke glassy margins also contain biotite, apatite and amphibole. In the subsequent discussion, the central part of the composite dyke (sample SKLF10A) is included in the SMLS sample group whereas the glassy margin of the composite dyke is referred to as Big-Feldspar dyke sample (SKLF10G) and is discussed separately because of its compositional and textural differences.
A NA LY T I C A L M E T H O D S The micro-milling technique: sampling and chemistry procedures
The in situ micro-mill sampling, carried out on feldspars and groundmass, was performed following the techniques outlined by Charlier et al. (2006) using a New Wave micromill at the Arthur Holmes Isotope Geology Laboratory (AHIGL), which forms part of NCIET, Durham University, UK. Thick sections ($100 mm) were prepared for each sample so as to have sufficient depth for micromilling both phenocrysts and the groundmass of the rock samples. Before micro-milling the samples, electron microprobe analysis (EMPA) was carried out using a Cameca SX50 with a 15 nA current and 20 kV voltage, at SCT-Serveis Cient|¤ fico Te' cnics, University of Barcelona, Spain.
The micro-milled samples were weighed and dissolved following procedures described in the following sections and presented in detail by Charlier et al. (2006) . Following dissolution, aliquots were taken from each sample solution to measure the Rb/Sr, U/Pb and Th/Pb ratios necessary for making age corrections to the measured Sr and Pb isotope ratios.
Total procedural blanks
Total procedural blanks (TPB) for Sr and Pb (including milling, drying down on a gold boat, sample dissolution and column elution procedure) averaged 8 AE1Á2 pg (2SD) for Sr (n ¼13) and 99Á5 AE 31Á6 pg (SD) for Pb (n ¼12). Pb blanks monitored, including dissolution and Pb elution, averaged 9 AE1Á6 pg (2SD). The 87 Sr/ 86 Sr isotopic composition of the TPBs was also monitored periodically by combining the equivalent of 60 TBPs to yield sufficient Sr (4500 pg) for a precise and accurate thermal ionization mass spectrometry (TIMS) analysis. The average 87 Sr/ 86 Sr composition of the laboratory blank was 0Á710853 AE 0Á000194 (2SD). Although the TPBs are very low in Sr and Pb, all the samples were corrected for blank contribution.
Aliquoting procedure
To avoid issues of sample heterogeneity, trace element and isotope compositions were determined on the same sample solution by removing a 10% aliquot of the solution. The remaining solution (90%) was used to separate the Sr and Pb fractions for isotope ratio analyses. The aliquoting procedure has been described by Font et al. (2007) . Hamilton et al. (1998) and Emeleus & Bell (2005) ]. Photomicrographs of rock samples illustrating the textures of lavas from the Preshal More Basalts (PMB), the Big-Feldspar composite dyke and the Skye Main Lava Series (SMLS). PMB lavas (SKLF23) show a fine-grained matrix formed by plagioclase and olivine crystals. Occasionally, clusters of plagioclase crystals are found throughout the sample. The plagioclase crystals have rounded edges and are unzoned. The central part of the Big-Feldspar dyke has a porphyritic texture that consists of a matrix composed of plagioclase and olivine crystals and large strongly zoned phenocrysts of plagioclase crystals with rounded edges. The SMLS samples show generally porphyritic textures consisting of an aphyric to coarse-grained matrix (depending on the sample) and large plagioclase phenocrysts that are euhedral to subhedral and are in all cases strongly zoned. 
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ISOTOPIC MICRO-ANALYSIS OF SKYE LAVAS
The accuracy and uncertainties of the aliquoting procedure were tested by measuring the Rb/Sr, U/Pb and Th/Pb ratios in 10% aliquots taken from four BHVO-1 standard (Abbey, 1982; Flanagan, 1976; Govindaraju, 1994) solutions, which were prepared by weighing 50 mg, 10 mg, 6 mg and 2 mg of the BHVO-1 standard. These standard samples were dissolved using the same dissolution procedure as for the micro-milled samples and three 10% aliquots were taken from each standard solution. The measured Rb/Sr ratios of the aliquots, with an average value of 0Á02321 AE0Á0004 (2SD), are within error of the accepted BHVO-1 Rb/Sr ratios [0Á0238 AE 0Á0104 (2SD)] and the reproducibility of the measurements is 1Á7%. The U/Pb and Th/Pb ratios of the BHVO-1 standard aliquots are 0Á2150 AE 0Á0229 (2SD) and 0Á6144 AE 0Á0364 (2SD), respectively. The reproducibility of the measurements is 16Á4% (U/Pb) and 16Á2% (Th/Pb). Both ratios, U/Pb and Th/Pb, are generally higher than the accepted BHVO-1 standard values; 0Á1615 AE 0Á0265 (2SD) and 0Á4462 AE 0Á0722 (2SD) respectively (Flanagan, 1976; Abbey, 1982; Govindaraju, 1994) . The higher U/Pb and Th/Pb ratios obtained in this aliquoting study and the high uncertainties in the measurements could be related to the low concentrations of U and Th in the BHVO-1 standard and the small size of the aliquots used for the experiment.
Column chemistry: Sr and Pb fraction separation
The Sr separation procedure used in this study was based on the micro-Sr column chemistry method described by Charlier et al. (2006) , designed for samples with small amounts of available Sr. Two extra steps were added to the already established column chemistry technique to be able to separate the Pb fraction using the same micro-columns. These involved two washing steps using 100 ml UpA 2Á5M HCl before the Pb fraction was collected in $500 ml of UpA 8M HCl. The Pb fraction was then dried down and then dissolved in 3% UpA HNO 3 for analysis.
Whole-rock Sr and Pb column chemistry
The Sr and Pb fractions of the whole-rock samples were also separated using the Sr spec micro-columns following the same method as for the micro-milled samples. The total procedure blanks for Sr and Pb were all 550 pg and reflect the less rigorous procedures employed for high abundance whole-rock Sr and Pb determination.
87
Sr/ 86 Sr ratio analysis: thermal ionization mass spectrometry Sr isotope ratios of the micro-milled samples were measured by TIMS using a ThermoElectron Triton system at AHIGL. The Sr fractions were loaded onto Re filaments using a TaF 5 activator to enhance ionization of small Sr samples or standards (5 12 ng; Charlier et al., 2006) . Large Sr standards ($600 ng) used to monitor the performance of the system were loaded onto Ta filaments using 
Sr and Pb isotope ratio analyses: plasma ionization multicollector mass spectrometry
The Sr fractions of the whole-rock samples and the Pb fractions of both the micro-milled plagioclases and wholerock samples were measured for isotope ratios by plasma ionization multicollector mass spectrometry (PIMMS) using the AHIGL ThermoElectron Neptune instrument. The basic analytical method for both Pb and Sr on the Neptune comprises a static multi-collection routine of 1 block of 50 cycles with an integration time of 4 s per cycle; total analysis time is 3Á5 min.
After chemistry, Sr whole-rock samples were taken up in 1ml of 3% HNO 3 and introduced into the Neptune using an ESI PFA50 nebulizer and a dual cyclonic^Scott Double Pass spray chamber. With this sample introduction setup, and the normal H skimmer cone, the sensitivity for Sr on the Neptune is typically $60 V total Sr ppm À1 at an uptake rate of 90 ml min À1 (Nowell et al., 2003) . Prior to analysis a small aliquot was first tested to establish the Sr concentration of each sample by monitoring the size of the 84 Sr beam ( 88 Sr was too high in the non-diluted aliquot to measure directly) from which a dilution factor was calculated to yield a beam of c. 20 V 88 Sr. Instrumental mass bias was corrected for using a 88 Sr/ 86 Sr ratio of 8Á375209 (the reciprocal of the 86 Sr/ 88 Sr ratio of 0Á1194) and an exponential law. The whole-rock samples were analysed in a single session during which the average 87 Sr/ 86 Sr value for NBS987 was 0Á710245 AE 0Á000019 (26Á1ppm 2SD; n ¼ 7).
Following chemistry whole-rock Pb aliquots were taken up in 1ml of 3% HNO 3 . Prior to analysis each sample was tested on the Neptune to determine its Pb concentration and thereby calculate the appropriate amount of Tl spike to add to obtain a Pb/Tl ratio of $12, which simultaneously minimizes the tails from 205 Tl onto 204 204 Pb for the NBS981 Pb standard for the session were 16Á9403 AE 0Á0007, 15Á4967 AE 0Á0006, 36Á7151 AE0Á0020 (all 2SD; n ¼19).
Micro-milled plagioclase samples were also taken up in 1ml of 3% HNO 3 but, because of the small amount of recovered Pb, samples were introduced into the Neptune using an Aridus desolvating spray chamber together with an ESI PFA50 nebulizer. The H skimmer cone was also exchanged for the higher sensitivity X skimmer cone. The sensitivity for Pb with the Aridus and X skimmer cones was $1100 V total Pb ppm À1 at an uptake rate of 90 ml min
À1
. As with the whole-rock samples, the Pb concentrations of each plagioclase sample were tested to determine the amount of Tl spike needed to obtain a Pb/Tl ratio of close to 12. Pb mass bias was corrected for externally in a similar manner to that for the whole-rock samples. Micro-milled plagioclase samples were analysed over two analytical sessions during which the 205 204 Pb for the NBS981 Pb standard for the two sessions were 16Á9407 AE 0Á0013, 15Á4970 AE 0Á0014, 36Á7188 AE 0Á0036 (all 2SD; n ¼17) and 16Á9404 AE 0Á0014, 15Á4972 AE 0Á0016, 36Á7174 AE 0Á0034 (all 2SD; n ¼10), respectively.
Trace element analyses: inductively coupled plasma-mass spectrometry (ICPMS)
Aliquots of the dissolved sample solutions were analysed for trace element concentrations by inductively coupled plasma-mass spectrometry (ICPMS) using aThermo Electron Element II system at AHIGL, Durham University, UK. The aliquots were taken up in 1ml 3% UpA HNO 3 and introduced into the Element II using a 100 ml/min microflow nebulizer and a dual cyclonic Scott double-pass spray chamber. A 1ng/ml In solution was used to tune the system for sensitivity until the 115 In peak yielded 410 6 counts per second. A 1ng/ml Ce solution was then used to optimize the oxide production rate by adjusting, primarily, the nebulizer gas-flow rate to give a Ce/CeO ratio of between 0Á03 and 0Á05. U. Other isotopes measured for each of the elements were used for background interference assessments. Concentration calibration was established using multi-element solutions of 50^1000 pg/ml made up from Romil TM (Cambridge, UK) 1000 mg/ml standards. The TPBs for the analysed elements were 525 pg. The trace element concentrations of the sample solutions were corrected for blank and instrument drift. The trace element concentrations of the samples were calculated using the aliquot weight and original sample mass. (Moorbath & Thompson, 1980) , which plots between the Hebridean mantle and the Lewisian lower crust (Fig. 5) (Fig. 6a and c) . However, other crystals show poor or no correlation ( Fig. 6b and d) .
I S OTO P E DATA Skye Main Lava Series samples
Pb isotope compositions of whole-rock and micro-milled plagioclase crystals are given in Tables 2 and 3 , respectively. Because of the low Pb concentrations of the plagioclase crystals from the SMLS samples, only mineral separates and a few cores and rims could be analysed (Table 3) . 208 (Fig. 7) . The SMLS whole-rock samples plot within a well-correlated array between the Hebridean mantle and the Lewisian lower crust (Fig. 7) . The cores and rims of the plagioclase crystals and plagioclase fragments show large variations in Pb isotope ratios spanning the entire field previously defined by the SMLS wholerocks (Fig. 7; Dickin, 1981 (Fig. 8) . (Table 2) close to the Hebridean mantle value (Fig. 7) . Because of the small size and the low Pb concentration in the PMB plagioclase crystals, it was not possible to measure Pb isotopes in those crystals. In Figs 7 and 8, the PMB field has been delimited according to PMB whole-rock data from this study and data available in the literature (Dickin, 1981) . In review papers (e.g. Bell & Williamson, 2002) , the PMB Pb isotope field is larger than the field outlined here, as it has been grouped together with data from the Cuillin gabbro layered intrusion (Dickin et al., 1984) because they are considered to be geochemically related. (Fig. 7) , but are highly radiogenic in 208 Pb/ 204 Pb i , with ratios trending towards Lewisian upper crust.
Preshal More Basalt samples

Big-Feldspar dyke sample
I N T E R P R E TAT I O N Isotopic variation
The observed large ranges in the Sr and Pb isotope ratios of feldspar core^rim pairs from different Skye samples suggest that different extents of lower and upper crustal contamination occurred during crystallization. 87 Sr/ 86 Sr i variations observed among feldspars in all samples are larger than the total variation observed in the host wholerocks (Fig. 5) (Fig. 5) . In Pb isotope space and Pb vs Sr isotope space (Figs 7 and 8 ) the SMLS and PMB lavas and plagioclase crystals lie along a trend between Hebridean mantle and Lewisian lower crust. However, albitic feldspars and host glasses from the Big-Feldspar dyke rhyolitic margin have Sr and Pb isotopic ratios that plot outside the main trend defined by the SMLS and PMB. The core^rim pairs and the single micro-milled albitic plagioclases from the Big-Feldspar dyke have more radiogenic Sr and Pb isotope ratios than both the SMLS and PMB plagioclases, suggesting a larger input of Lewisian upper crust (Fig. 8) . Given the difference in whole-rock compositions, this might suggest that the parental magmas are ubiquitously modified in the lower crust, whereas a second stage of differentiation to produce Dickin (1981) , Thompson et al. (1986) , Troll et al. (2004) and references therein. The grey boxes represent the Skye Main Lava Series field (SMLS) and Preshal More Basalt field (PMB) (Moorbath & Thompson, 1980) . Initial Sr isotope ratios ( 87 Sr/ 86 Sr i ) were calculated using ages of 60 Ma for the SMLS and 58 Ma for the PMB and Big-Feldspar dyke . rarer, highly evolved, compositions took place in the upper crust.
Crustal contamination and fractional crystallization model
Researchers such as Thompson et al. (1982) and Kerr et al. (1995) suggested that simple bulk assimilation of lower crust was not the mechanism of contamination of the Palaeogene lavas in NW Scotland, but instead that these magmas preferentially assimilated the most fusible pegmatitic/granitic veins present within the Lewisian crust (e.g. Moorbath & Thompson, 1980; Morrison et al., 1985; Kerr et al., 1995) . These pegmatitic/granitic veins represent pre-Palaeogene partial melts of Lewisian crust (Weaver & Tarney, 1980 . In this study, we model the isotopic variations observed in plagioclase crystals from the SMLS, PMB and Big-Feldspar dyke by using simple AFC equations (DePaolo, 1981) and assimilation of (1) pegmatitic/granitic Lewisian crustal material [pegmatitic/granitic veins crossing granulite-and amphibolite-facies rocks reported by Kerr et al. (1995) ] and (2) the average compositions of Lewisian lower and upper crust (Dickin, 1981) . The composition of the contaminant is expected to be very heterogeneous isotopically and so the model presented is only indicative of possible scenarios that could have occurred during the evolution of the Skye magmas. The contamination process of the magmas by the pegmatitic/granitic veins was by melting of the wall-rocks followed by mixing, not dissolution of the wall-rocks in the magma. As a parental magma composition for the SMLS magmas, we used sample SK940 (labelled in Fig. 8 as P), which is a relatively uncontaminated SMLS lava reported by Moorbath & Thompson (1980) , Dickin (1981) and Thompson et al. (1982) . We use SKLF08 from this study as the parental magma composition for the PMB samples. We recognize that because the SMLS and PMB isotopic fields have significant ranges, other parental compositions can also be used for the AFC calculations. Parental and crustal contaminant compositions chosen in this study are adequate to model the compositional ranges of our samples. Observed Sr and Pb isotopic variations from the various samples have been modelled in this study using simple AFC model calculations (Fig. 8; DePaolo, 1981) . The AFC models used here are merely to illustrate open-system contamination processes. The EC-AFC [energy-constrained AFC model of Bohrson & Spera (2003) ] is clearly thermodynamically more rigorous. However, more parameters are needed for this model, and therefore more degrees of freedom. The simpler AFC analysis here shows that contamination is not simply a bulk-rock phenomenon, but needs consideration of the roles of various crystal cargoes. So although it may be satisfying to model contamination from bulk-rock and magma end-members using the available algorithms, our point is that this approach is not wholly realistic. The normalization (subscript n) of the Sr and Pb isotope ratios and calculation of the initial ratios (subscript i) are as for the whole-rocks.
We have attempted to characterize, in detail, the nature of the contaminants during ascent of the magmas through the crust. It is well known that fractional crystallization occurred deep in the lower crust (9 kbar) for the SMLS, in the intermediate crust for PMB, and within the upper crust for later magmas (Fig. 4 ; Thompson et al., 1982) . The SMLS field can be modelled using an AFC approach starting from the parental magma composition P (Fig. 8a) and assimilating Lewisian lower crust (AFC1; Fig. 8b ) at ratios of assimilation to fractional crystallization r $0Á6. The Pb and Sr isotopic composition of the core^rim pairs and single plagioclase micro-milled crystal from the BigFeldspar dyke can be modelled by an AFC curve starting from parental magma P by assimilating relatively small amounts of Lewisian pegmatitic/granitic veins found within Lewisian gneiss samples [P42, P43 and P50; reported by Kerr et al. (1995) ]. The ratio of assimilation to fractional crystallization of these AFC models (2^4) are between r $0Á3 and r $0Á09 (Fig. 8b) . The isotopic signature of one of the single plagioclase micro-milled crystals with the highest 208 Pb/ 204 Pb ratio can be modelled from parental magma composition P with an AFC curve calculated by assimilating Lewisian upper crust at an AFC rate of r $0Á3 (AFC5; Fig. 8b) . The large range in 87 Sr/ 86 Sr i of the host glass of the Big-Feldspar dyke sample suggests recharge of new magma, which was previously contaminated by Lewisian lower crust, followed by mixing with the existing host magma present in the magma reservoir (see black arrow in Fig. 8b and c) . The two melts did not fully homogenize before cooling, generating large Sr isotopic ranges (Fig. 8) .
Similar AFC curves can be calculated using a PMB parental magma composition (Fig. 8c) . The entire PMB field can be modelled by an AFC curve with a ratio of assimilation of Lewisian lower crust to fractional crystallization of r $0Á2 (AFC6; Fig. 8c ). As in the previous SMLS model, the core^rim pairs and whole plagioclase micromilled crystals from the Big-Feldspar dyke can be modelled by an AFC curve at low AFC r values (r $0Á03) indicating very small amounts of assimilated pegmatitic/granitic crustal material. The high 208 Pb/ 204 Pb ratios of the single plagioclase micro-milled crystals in the Big-Feldspar dyke sample (Fig. 8d) can be also modelled starting from a composition that represents a melt already contaminated by the lower crust that assimilated upper crustal material. This could be achieved with r values of r$0Á5. The fact that the core^rim pairs and whole micro-milled plagioclase crystals from the Big-Feldspar dyke have a large range in 208 Pb/ 204 Pb. The majority of the AFC curves modelled for different parental magma compositions represent crustal assimilation of less than 20%, in agreement with previous crustal assimilation assessments for the Skye and Mull Palaeogene lavas Kerr et al., 1995) .
Analysing the Pb isotope variation within single crystals from the SMLS and Big-Feldspar dyke samples (Fig. 9 ) in detail shows that crystal growth and crustal contamination processes can be determined by looking at the isotopic variation in the core, rim and intermediate zones of crystals together with whole-rock values (Fig. 9a) Fig. 9a progressively decrease from core to rim, suggesting growth from a magma undergoing progressive contamination by Lewisian lower crust. The large difference in Pb isotope ratios between the core and the rim of the plagioclase crystal and the corresponding whole-rock shows that this sample underwent extensive crustal contamination during differentiation by the addition of more contaminated magma batches into the system. Small variations in 87 Sr/ 86 Sr i along the plagioclase core^rim profiles (Fig. 6) show that Sr isotope variations, even if small, effectively track contamination by the lower crust, occurring progressively at different levels in multiple episodes. There are other crystals from the SMLS samples (Fig. 9b ) that show very little inter-crystal Pb isotopic variation compared with the whole rocks. This suggests that plagioclase crystals grew from the same host magma composition, which was contaminated in the lower crust by a fairly small amount prior to significant plagioclase crystallization. The fact that plagioclase crystals and the host bulk-rock have very similar Pb isotope ratios indicates that the magma erupted immediately following crystallization of plagioclase without further crustal contamination (Fig. 9b) (Figs 8 and 9c ) suggests that these crystals grew during ascent of the magmas through the Lewisian upper crust, becoming progressively more contaminated by it. Our previous AFC modelling, constrained in Sr^Pb space for the same crystals (Fig. 8) (Fig. 6a and c) along core^rim profiles suggest recharge of high-temperature primitive magmas that became contaminated by the crust during ascent. After initial contamination in the Lewisian lower crust, these magma batches mixed with more evolved and less contaminated magma batches. These continuous Moorbath & Thompson (1980) , Dickin (1981) , Thompson et al. (1982) , Troll et al. (2004) and references therein. (b) AFC curves 1, 2, 3, 4 and 5 modelled from a parental magma composition P ¼ SK940 uncontaminated lava from Moorbath & Thompson (1980) , Dickin (1981) and Thompson et al. (1982) . The pegmatite/granitic veins in the Lewisian crust compositions are P43, P50 and P42 reported by Kerr et al. (1995) . The black arrow indicates the direction of mixing between magma in equilibrium with the plagioclase cores and a magma contaminated by the lower crust (see text). (c) AFC curves 6, 7, 8 and 9 modelled starting from a parental magma composition P ¼ SKLF08 from this study. The crustal contaminants and black arrow are as in (b). (d) AFC curve 10 modelled from a parental magma composition P ¼ SKLF10A from this study.
changes, observed at such fine scales within the phenocrysts, suggest constant recharge of the magmatic system by new magmas that are variably contaminated by the crust during crystallization. These observations clearly support the finding and models of Huppert & Sparks (1985) , Thompson et al. (1986) and Kerr et al. (1995) .
Other, more complex models, such as EC-RAFC (Fowler et al., 2004) , have been applied to explain assimilation, recharge and fractional crystallization processes that occurred during the evolution of the Skye lavas. Fowler et al. (2004) included a large compilation of whole-rock data in their model, and they concluded that the Skye lavas evolved from a relatively small number of parental magmas. They envisaged that the main contaminant for the early formed magmas is the Lewisian lower crust, whereas later erupted magmas interacted mainly with Lewisian upper crust. Isotopic variations observed in this study suggest that the contamination and differentiation pathways for each magma batch are considerably more complicated, as it is clear from our study that the magmas and their entrained crystals are not in isotope equilibrium.
Overall, the isotopic compositions of the micro-milled plagioclase phenocrysts suggest that the main crustal contaminants are pegmatitic/granitic veins within the lower crust for the majority of the magmas; locally, there is some evidence of contamination by Lewisian upper crust. However, the core-to-rim crystal isotopic variations observed in phenocrysts from different samples (Figs 8 and 9) show, for each specific crystal, which contaminants were assimilated into the host magma at the time of crystal growth. The data also reveal the pathways of crystallization and crustal contamination of the host magmas of such crystals. For example, plagioclase host magmas from the SMLS were mainly contaminated, to different degrees, by melts derived from Lewisian lower crust, but also, to a lesser extent, by Lewisian upper crust. Some SMLS plagioclase crystals show an increase of magma contamination by the crust as they grow from core to rim, whereas other plagioclase crystals show minimal core to rim isotopic variations. Hence, it is clear that very different magmatic processes occurred during the crystallization of such crystals, which grew from variably contaminated magmas erupted during the same volcanic event and are now found in the same rock. Additionally, the composition of the assimilant could have varied. The isotopic signatures of cores and rims of albitic plagioclase phenocrysts hosted in the BigFeldspar dyke sample suggest that the host magmas were initially mostly contaminated by pegmatitic/granitic material in the lower crust. Further contamination occurred while the magmas were ascending through the upper crust, where a second stage of plagioclase crystallization occurred (Figs 8 and 9 ). The different crustal contamination signatures revealed by plagioclase phenocrysts and whole-rocks from different Skye volcanic rocks suggest variable magma residence at different depths in the crust, probably because of sill emplacement at different levels (Dickin et al., 1987) . This scenario agrees with the fractional crystallization model of Thompson et al. (1982) (Fig. 3) where the SMLS fractionated at the base of the crust (9 kbar) and the PMB and other magmas at shallower depths (between 5 kbar and 1atm). Figure 10 is a schematic illustration intended to summarize the different magma pathways and crustal contamination stages reflected by the isotopic signatures of plagioclase crystals and whole-rocks from the Skye lava sequence; it assumes that all crystals are genetically related to the host lavas at some time. Figure 10 shows two scenarios that represent possible end-member differentiation pathways for the Skye magmas. Scenario 1 represents magmas that pause in the lower crust, where plagioclase crystals grow from magmas that have assimilated crustal melts derived from the lower Lewisian crust (SMLS). Scenario 2 represents a more complicated network of pathways of magmas ascending through the crust pausing at different levels in the middle^lower crust, where new plagioclase crystals grow from magmas variably contaminated by melts derived from Lewisian lower-middle and upper crust (PMB and Big-Feldspar samples).
The core^rim pairs, core-to-rim profiles, single micromilled plagioclase and mineral separate isotope data presented in this study have been integrated into the interpretation of the well-known compositional fields delimited by the whole-rock data to enhance understanding of a highly complex volcanic system. The approach shows that isotope variations within crystals can provide more detailed information about magma end-members and crustal contaminants. Our study indicates that even when detailed whole-rock studies of crustal contamination reveal considerable complexity, further significant subtleties are likely to be revealed by isotope analyses at a core^rim and single-crystal scale.
S U M M A RY
(1) Detailed micro-sampling of the SMLS reinforces conclusions based on whole-rock isotope data that the mantle-derived basalts were variably contaminated by the Lewisian crust through which they ascended. (2) Core-to-rim isotopic variations show that single crystals grew in an open-system environment undergoing simultaneous crustal contamination and/or magma recharge. Examples where the cores and rims of crystals are in isotopic equilibrium with each other and the host whole-rock may reflect no contamination (although they are significantly different from the isotopic composition of assumed Hebridean mantle), crystal growth after contamination, or contamination by isotopically identical lithologies, such as antecedent intrusions. (3) The fact that crystals with different core-to-rim isotopic characteristics are found in the same rock argues that the crystal cargo has been aggregated from a number of distinct sites of magma storage and differentiation.
(4) Correlation of core-to-rim isotope profiles with the isotope stratigraphy of the crust through which the magmas ascended allows us to reconstruct the likely sites of differentiation (Figs 9 and 10). In most instances it appears that lower crustal AFC processes dominated. On occasion, evidence is found for upper crustal AFC superimposed on earlier lower crustal processes. We have found no evidence for magmas affected only by upper crustal processes. (5) Conclusions (2)^(4) greatly extend our understanding of the mechanisms of magma differentiation within the BPIP (as opposed to simply identifying contributing components). This is a valuable example of the utility of isotope micro-sampling of phenocrysts.
